The aim of this study was to determine pepsin hydrolysis conditions to produce digested oat bran proteins with higher radical scavenging activities and separate and identify peptides. Isolated proteins were then digested with different concentrations of pepsin and incubation times. Hydrolysates produced with 1 : 30 enzyme substrate (E/S) ratio and 2 h possessed the highest peroxyl radical scavenging activity, 608 ± 17 M TE/g (compared to 456-474 M TE/g for other digests), and was therefore subsequently fractionated into eight fractions (F1-F8) by high performance liquid chromatography (HPLC). F1 and F2 had little activity because of their low protein contents. Activities of F3-F8 were 447-874 M TE/g, 20-36%, and 10-14% in the peroxyl, superoxide anion, and hydroxyl radical tests, respectively. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to identify a total of fifty peptides that may have contributed to the activity of F3, a fraction that better scavenged radicals.
Introduction
Oxidation is a well-known phenomenon that affects the quality of food products as it creates compounds responsible for the rancid odour and changes in color or texture of some foods. Oxidised lipids can further react, for example, with proteins to form toxic compounds like pyridine, pyrrole, and other N-heterocyclic compounds [1] . In vivo, aerobic metabolism naturally produces free radicals that are eliminated by enzymes such as superoxide dismutase, catalase, and glutathione peroxidase and by molecules such as glutathione, uric acid, and bilirubin [2] . However, with aging, the decreased efficiency of the antioxidant system coupled to pollution, fatigue, or an unbalanced diet can generate free radicals in excess, thereby promoting oxidative stress [3] . The accumulation of free radicals manifests itself by causing damage to cell membrane molecules, which may then increase the risk of diseases such as cancer and cardiovascular and neurodegenerative diseases [4] . In addition to synthetic antioxidants currently available to limit oxidation, researchers are actively looking for natural antioxidants because of their ability to reduce oxidation of food and biological molecules and preference by consumers [5] . Fruits and vegetables have well been studied because of the presence of exogenous antioxidants (vitamin C, vitamin E, carotenoids, and polyphenols) that can contribute to the cellular redox balance [6] . Attention has also been focussed on the role of other food molecules and, in that respect, peptides derived from hydrolysis of food proteins are currently being investigated [7, 8] . Food peptides have then been shown to possess biological activities such as antioxidant, antihypertensive, and antimicrobial and modulation of the immune system [7, 9] . Antioxidant peptides in foods are generally released only after enzymatic hydrolysis [10] or fermentation in the presence of microorganisms [11] . Depending on their molecular weight, peptides may be transported through intestinal-expressed transporters across the enterocytes [7] . Cereals are source of fibres and polyphenols that have been extensively investigated for their effects in cardiovascular diseases and diabetes [12] 
Protein Extraction.
The extraction procedure was performed based on a previous method [14] . Samples of oat brans (4 × 100 g) were defatted by stirring in hexane (1 : 3 w/v) for 1 h at room temperature, filtration on cheesecloth, and overnight drying under fume hoods. Deionized water was added to the defatted oat bran at the ratio 1 : 10 (w/v) and adjusted to pH 4.5. Viscozyme L and 3 FBG/g of defatted bran was used to breakdown carbohydrates and reduced the viscosity. The mixture was then incubated at 45 ∘ C, 150 rpm, and 1.5 h. At the end of the incubation, the pH was adjusted to 9.5 using 2 M NaOH solution and further incubated for 1.5 h in order to carry out the alkaline extraction of proteins. After cooling, centrifugation was performed at 2500 g for 20 min at 4 ∘ C. Supernatants containing proteins were adjusted to pH 4.0 and then centrifuged (10000 g, 40 min, 4 ∘ C) to obtain protein isolates (i.e., pellets) that were suspended in pH 7.0 water before being freeze-dried.
Hydrolysis with Pepsin.
Freeze-dried oat bran protein isolates (500 mg each) were transferred into twelve different tubes and rehydrated with water (1 : 12 w/v). The pH was adjusted to 4.0 with 1 M HCl followed by addition of pepsin at 1 : 20, 1 : 30, 1 : 40, and 1 : 50 (w/w) enzyme-substrate (E/S) ratios. Mixtures were homogenized, adjusted to pH 2.0, and then incubated at 37 ∘ C, 150 rpm. Four samples were removed at 1, 2, and 3 h, respectively. At the end of each incubation time, the enzyme was inactivated by adjusting the pH to 7.0 with 1 M NaHCO 3 . Supernatants were collected after centrifugation at 2500 g for 15 min to remove denatured pepsin and nondigested proteins. The hydrolysates were freeze-dried and used for oxygen radical absorbance capacity (ORAC) assay. For HPLC separation, oat proteins (3 × 100 g) were digested with pepsin (1 : 30 E/S) for 2 h. The hydrolysate produced under these conditions had the highest ORAC value.
Oxygen Radical Absorbance Capacity (ORAC) Assay.
The assay was performed using a Bio-Tek FLx800 instrument according to literature [15] . Reagents, standards, digested proteins/HPLC fractions (0.1 mg/mL), and assay control (GSH, 0.1 mg/mL) were prepared with potassium phosphate buffer (75 mM, pH 7.4). Five concentrations of Trolox (6.25-100 M) were used to obtain the standard curve. To perform the assay, fluorescein (120 L, 0.080 M) was transferred into 96-well microplate followed by addition of 20 L of samples, standards, or buffer (blank). The plate was incubated for 20 min at 37 ∘ C. AAPH (15 mM, 60 L) was then added to each well. Data (triplicates) were collected every minute over 50 min and used to calculate ORAC values expressed as M Trolox equivalent (TE) per gram of lyophilized hydrolysate of fraction.
Separation by RP-HPLC.
Digested bran proteins (2 h, 1 : 30 E/S) with the most peroxyl radical scavenging activity were selected for HPLC separation. The system consisted of 1525 binary pump, 2998 photodiode array detector (set at 220 nm), 2707 autosampler maintained at 8 ∘ C, and fraction collector III from Waters (Montreal, QC, Canada). The freeze-dried oat bran protein hydrolysate was dissolved in 0.1% acetic acid (100 mg/mL) and filtered through 0.45 m nylon membrane. The column was Waters Prep XBridge BEH C18, 130Å, 10 m, 19 × 150 mm, and the injection volume was 2 mL. A linear gradient (5 to 90% B) of 0.1% acetic acid in water (A) or in methanol (B) over 45 min was used for separation at a flow rate of 4 mL/min. Fractions (8 mL each) were collected and pooled into eight fractions according to the chromatogram: 0-6 min (F1), 6-10 min (F2), 10-18 min (F3), 18-24 min (F4), 24-28 min (F5), 28-32 min (F6), 32-36 min (F7), and 36-42 min (F8). Solvent in each fraction was removed under vacuum at 45 ∘ C using a Büchi Rotavapor Ⓡ R-215, reconstituted in water, freeze-dried, and stored at −20 ∘ C. The protein content of the hydrolysate and fractions were determined using a modified Lowry method [16] .
Superoxide Anion and Hydroxyl Radicals Scavenging
Assays. The superoxide scavenging activity was measured according to literature [17] . Hydrolysates or peptides fractions (80 L, 1 mg/mL) or glutathione (1 mg/mL, positive control) was mixed with 80 L of 50 mM Tris-HCl buffer containing 1 mM EDTA (pH 8.3) into a 96-well clear microplate; then 40 L of Pyrogallol in 10 mM HCl (1.5 mM) were added to each well. Absorbances were measured at 420 nm every 20 s Journal of Chemistry 3 for 4 min at room temperature. The reaction rate Δ /min was used to calculate the superoxide radical scavenging activity [18] . For determination of the hydroxyl radical scavenging activity, 50 L of peptide fractions (1 mg/mL) in potassium phosphate buffer (0.75 mM, pH 7.4) was transferred into a 96-well clear microplate, followed by 1,10-phenanthroline in buffer (3 mM, 50 L), FeSO 4 ⋅7H 2 O in water (3 mM, 50 L), and 0.03% aqueous H 2 O 2 (50 L). The assay control contained both phenanthroline and H 2 O 2 while the blank only contained phenanthroline. The plate was incubated for 1 h at 37 ∘ C, 200 rpm. Absorbances were then read at 536 nm and used to calculate the scavenging activity [10] .
Mass Spectrometry.
The tandem mass spectrometry analysis was performed using the Quebec Proteomics Platform available at the Quebec Genomics Center (Sainte-Foy, QC, Canada). Peptides were identified in F3, one of the most active fractions from semiprep HPLC. Experiments were performed with an Agilent nanoscale capillary liquid chromatography (nanoLC) coupled to a triple TOF 5600 plus mass spectrometer (AB Sciex, USA) equipped with a nanoelectrospray ion source in positive mode. Peptides were separated on PicoFrit 15 m tip, BioBasic C18, 10 cm × 75 m column (New Objective, USA). Mobile phases were 0.1% formic acid in water (solvent A) and 0.1% acetic acid in acetonitrile (solvent B). A linear gradient 5 to 80% of solvent B in 60 min, at 300 nL/min, was used for separation. Spectra were acquired using a data-dependent acquisition mode (Analyst software version 1.6). Each full scan mass spectrum (400 to 1,250 m/z) was followed by collision-induced dissociation (MS/MS) of multiple charged peaks (2 + to 5 + ). Dynamic exclusion was set for a period of 3 s and a tolerance of 0.1 Da.
Database Searching and Criteria for Peptide Identification.
Mascot generic format (MGF) files containing MS/MS peak lists were generated using Protein Pilot version 4.5 software (AB Sciex, USA). Charge state deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.4.1) and X! Tandem (The Global Proteome Machine, thegpm.org; version CYCLONE (2010.12.01.1)). Mascot was set up to search the TAX Poeae 147387 20141216 database assuming that the digestion enzyme is nonspecific. X! Tandem was set up to search a subset of the TAX Poeae 147387 20141216 database also assuming nonspecificity. Mascot and X! Tandem were searched with a fragment ion mass tolerance of 0.100 Da and a parent ion tolerance of 0.100 Da. Dehydration of the n-terminus, glu->pyro-Glu of the n-terminus, ammonia-loss of the n-terminus, gln->pyro-Glu of the nterminus, deamidation of asparagine and glutamine, and oxidation of methionine were specified as variable modifications in X! Tandem and Mascot to achieve a False Discovery Rate (FDR) less than 1.0% by the Scaffold Local FDR algorithm.
Statistical Analysis.
All results are presented as mean ± standard deviation from replicates made in triplicate. Oneway ANOVA was used and performed by SPSS (version 21, 2012). Statistical significance was set to < 0.05. Means were separated using Fisher's protected least significant difference.
Results and Discussion

Optimization of Extraction Conditions.
Four concentrations of pepsin in combination with three digestion times were used to produce twelve hydrolysates from oat bran protein isolates. To determine which conditions produced samples with highest radical scavenging activity, hydrolysates were screened for peroxyl radical scavenging properties using the ORAC assay and results expressed as M TE/g of lyophilized hydrolysate (Figure 1) . After 1 h hydrolysis, proteins treated with the highest pepsin concentration (1 : 20 E/S) had higher peroxyl radical activity but the value decreased at 2 and 3 h possibly because of further degradation of the active peptides. For other E/S ratios (1 : 30-1 : 50), activities increased after 2 h digestion followed by a decrease at 3 h (Figure 1) . Of all the samples, hydrolysates produced from bran proteins digested for 2 h with pepsin 1 : 30 E/S possessed the highest peroxyl radical scavenging activity (608 ± 17 M TE/g). A large quality was then produced and subjected to semipreparative HPLC seperation. Other studies have shown that the E/S ratio and the duration of digestion had positive effect on ORAC values of hydrolyzed milk alpha-lactalbumin, caseinomacropeptide, and whey protein concentrate [19] .
Separation by RP-HPLC.
Enzymatic hydrolysis of food proteins is often used to produce mixtures of peptides with stronger antioxidant activities than native proteins. To further enhance the activity of digested oat bran proteins, a separation based on hydrophobicity in which molecules are eluted from the column by increasing the percentage of organic solvent was chosen because previous investigations have demonstrated the relationship between the degree of hydrophobicity and the antioxidant activity of peptides from food like soy and milk [20, 21] . A C18 column was then used to separate the pepsin hydrolyzed oat bran proteins into eight different fractions (F1-F8) as indicated in the experimental section. Less hydrophobic molecules have little interaction with the stationary phase, resulting in their rapid elution while more hydrophobic molecules bind strongly to C18 and are therefore eluted later as methanol percentage increased. Protein contents (weight/weight) of lyophilized hydrolysates determined by a modified Lowry method were 63.5 ± 0.3% nonfractionated oat protein hydrolysate (OPH), 0.0 ± 0.6% (F1), 4.0 ± 0.3% (F2), 67.9 ± 0.6% (F3), 102.2 ± 2.9% (F4), 97.6 ± 0.6% (F5), 83.5 ± 0.9% (F6), 94.6 ± 0.6% (F7), and 95.0 ± 2.5% (F8). F1 had no protein and was not further investigated. F2 had very low protein content compared to F3-F8. This is because salts used in different pH adjustments and sugars are highly water soluble and therefore will be eluted early.
Oxygen Radical Absorbance Capacity (ORAC) Assay of HPLC Fractions. The ability of antioxidant molecules to neutralize the peroxyl radical (ROO
• ), a common reactive species present in vivo and in food systems, is often performed using the ORAC assay [22] . The peroxyl radical quenching ability of the hydrolysate and its peptide fractions are shown in Figure 2 . ORAC values significantly increased ( < 0.005) with elution time from F5 to F8 (477.0 ± 32.3 to 824.4 ± 5.8 M TE/g). As organic solvent increases in the eluent, so do the degree of hydrophobicity when using a C18 column. It is therefore conceivable that there may be gradual increase of hydrophobic amino acids from F5 to F8. Although F4 had the highest protein content amongst the fractions, it did not possess the highest ORAC value, demonstrating that the peptide structure (i.e., sequence) was an important factor in scavenging radicals as suggested in other studies [7] . The presence of amino acids like tryptophan, histidine, tyrosine, or cysteine on the sequence is also important for radical scavenging properties [14] although their contents were not determined in this study. Four of the fractions possessed significantly higher scavenging power than the unfractionated oat bran protein hydrolysate (581.9 M TE/g) indicating that hydrophobic separation enhanced their peroxyl radical scavenging activity. The highest active fraction F8 (824.4 ± 5.8 M TE/g) was 0.8-fold the activity of control, glutathione. The activity of fractions from this study is lower than that of fractions from HPLC separation of hempseed pepsin/pancreatin protein hydrolysates [23] . Hydrolysis with both pepsin and pancreatin will result in smaller peptides compared with pepsin alone.
Superoxide Anion and Hydroxyl Radical Scavenging Activities. Superoxide anion (O 2
•− ) and hydroxyl radical (HO • ) are generally measured together because, in addition to peroxyl radicals, both are related to oxidation of foods and biological molecules. In fact, many secondary ROS are generated after reactions of O 2
•− with nonradical molecules [24, 25] . Data on the O 2
•− activity of OPH and its fractions are shown in Figure 3(a) . Fractions F3, F4, and F8 possessed significantly higher ( < 0.05) activities (35.5 ± 6.5%, 35.5 ± 6.1%, and 34.4±1.9%, resp.) than the whole hydrolysate OPH (22.6 ± 1.5%). The inhibitory activity of F5, F6, or F7 was similar to the activity of nonfractionated OPH. Fraction F2 with just 9.7 ± 1.0% protein had the least O 2
•− activity. appears that RP-HPLC fractionation increased the O 2 •− radical activity of some fractions compared to the unfractionated hydrolysates (OPH). None of the fraction was as active as the control GSH. In contrast with the peroxyl radical scavenging activity, there was no correction between the O 2
•− activity and the organic solvent content of the eluent suggesting that the sequence of peptides in the fractions played a more important role than hydrophobicity as reported in other studies [26, 27] .
Hydroxyl radical (HO • ) can be generated from O 2 •− and is considered the most damaging species in the oxidative stress process due to its high oxidizing power [27] . As displayed in Figure 3(b), fractions F3, F6, F7 , and F8 have significantly higher HO
• inhibition percentages compared to OPH (9.0 ± 0.3%) but they were not as active as GSH (18.0 ± 0.7%). Fractions F2, F4, and F5 had activities comparable ( > 0.05) to that of OPH. Fraction F3 was obtained with an eluent high in water (60%) and mass spectrometry analysis showed that some of its peptides contained polar amino acids such as tyrosine, aspartic acid, glutamic acid, and serine ( Table 1) that may have enhanced its HO
• activity through metal-chelating as reported in the literature for other peptides [28] . This is consistent with a previous study which found that later eluted HPLC (C18 column) peptide fractions were not the ones with higher HO
• scavenging activities [23] .
The O 2 •− activity of fractions from this study (22.6-35.5%) is similar to that of pea peptide ultrafiltered fractions (25-32%) [17] but lower than the activity of some fractions from HPLC separation of digested salmon proteins (27-56%) [23] . The HO
• scavenging activity of the hydrolysate and its fractions are within the range (14-37%) of literature data for oat bran proteins extracted with twelve different conditions and hydrolyzed with alcalase [14] . Chickpea peptide fractions had 38 to 81% HO
• activities [10] ; however the separation was performed based on size and cannot directly be compared to the present data because of differences in fractionation techniques.
Identification of Peptides. The TripleTOF
Ⓡ 5600 plus is a hybrid quadrupole time-of-flight hybrid instrument that offers the opportunity to conduct multiple-charge ion scanning thereby facilitating the identification of relevant functional and biological peptides in digested proteins or fractions. The system was used here to characterize peptides in one of the fractions (i.e., F3) with higher O 2
•− and HO
• radical scavenging activities. Multiple charge (2 + to 5 + ) scanning was performed over 65 min on eluates from the nanoLC system. MS/MS peak lists were analyzed using Mascot™ and X! Tandem as described in Section 2. Search results from Mascot and X! Tandem were statistically interpreted by Scaffold, a software used to validate MS/MS data. The software peptide prophet algorithm converts search engine scores into combined probabilities that improve the sensitivity and the accuracy of the identification [29] . In the total ion count chromatogram of F3 (Figure 4(a) ), peptide peaks appeared between 23 and 31 min. The MS scan at 25.7 min (Figure 4(b) ) showed double, triple, quadruple, and quintuple ions of the same peptide at m/z 1117.07 (2 + ), 745.05 (3 + ), 559.04 (4 + ), and 447.63 (5 + ), respectively. Products spectra (MS/MS) of each of these ions and database searches all correspond to the sequence YRISRQEARNLKNNRGQE (Tyr-Arg-Ile-Ser-Arg-Gln-Glu-Ala-Arg-Asn-Leu-Lys-AsnAsn-Arg-Gly-Gln-Glu) with 100% Scaffold probability. The product ion spectrum (MS/MS) of the quadruple charged peak at m/z 559.04 can be seen in Figure 5 . The list of all identified peptides in this study is shown in Table 1 . They are derived from 12S globulin, 11S globulin, 12S seed storage globulin, avenin, and gliadin like avenin proteins. Most of the peptides are from 12S globulin with minor variation in sequences. Amino acids like tyrosine, cysteine, methionine, and arginine present in many identified peptides may have contributed to the activity of fraction F3 as they are known to contribute to the antioxidant activity of peptides [30] . The contribution of these amino acids is however not known at this time because they were not individually tested and also because MS/MS data are only quantitative. Peptides reported here are different from Tyr-His-Asn-AlaPro-Gly-Leu-Val-Tyr-Ile-Leu, Asp-Val-Asn-Asn-Asn-AlaAsn-Gln-Leu-Glu-Pro-Arg, Gly-Gln-Thr-Val-Phe-Asn-AspArg-Leu-Arg-Gln-Gly-Gln-Leu-Leu, and Val-Val-Asn-AsnAsn-Gly-Gln-Thr-Val-Phe-Asn-Asp-Arg-Leu-Arg-Gln-GlyGln-Leu-Leu recently identified in oats [14] . Two of the peptides Ser-Pro-Phe-Trp-Asn-Ile-Asn-Ala (SPFWNINA) and Gln-Gln-Pro-Ile-Pro-Gln-Gln-Pro-Gln (QQPIPQQPQ) have been predicted as potential antihypertensive and celiac toxic from barley hordein and wheat omega-gliadin, respectively [31] . Other peptides present in the literature from oats are mainly made of two or three amino acids [32] .
Conclusion
Results from this study showed that optimum conditions to produce digested proteins with the highest peroxyl radical activity were treatment with pepsin 1 : 30 E/S ration followed by 2 h incubation. RP-HPLC fractionation of hydrolysed proteins under the above conditions enhanced peroxyl, superoxide anion, and hydroxyl radical scavenging activities of some fractions. New peptides were identified by tandem mass spectrometry. In future studies, chemometric methods will be used to identify those peptides with potential bioactive activity for synthesis and evaluation of their capacity to prevent oxidation in vitro and in cell culture models.
